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statistics 
means 
that 
the 
probability 
density 
function 
of 
the 
background 
error 
is 
completely 
described 
by 
the 
n×n
 
ma
-
trix 
B
. 
The 
error 
variances 
in 
B
 
(diagonal 
elements) 
relate 
to 
how 
much 
weight 
should 
be 
given 
to 
the 
background 
term 
and 
the 
covariances 
in 
B
 
(off-diagonal 
elements) 
give 
rise 
to 
spatial 
spreading 
of 
observational 
information. 
The 
spatial 
spreading 
can 
be 
seen 
in 
Eqn 
2 
as 
B
 
is 
the 
last 
operation 
in 
the 
calculation 
of 
the 
analysis 
increment. 
Thus 
if 
the 
back
-
ground 
is 
too 
warm 
(e.g.) 
at 
one 
height 
it 
is 
also 
likely 
that 
the 
adjacent 
region 
is 
also 
too 
warm. 
 
If 
quantities 
other 
than 
temperature 
are 
included 
in 
x
 
then 
B
 
should 
include 
multi
-
variate 
correlations. 
Multivariate 
correlations 
are 
often 
mod
-
elled 
on 
known 
physics 
such 
as 
hydrostatic 
balance, 
which, 
in 
this 
case 
might 
relate 
errors 
in 
the 
temperature 
eld 
to 
errors 
in 
the 
pressure 
eld. 
Here 
the 
problem 
is 
univariate 
as 
only 
temperature 
is 
considered, 
although 
multivariate 
as
-
pects 
will 
be 
considered 
in 
later 
work 
by 
the 
present 
authors.
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In 
the 
next 
section 
ensemble-derived 
background 
error 
covariance 
matrices 
are 
shown 
for 
a 
range 
of 
BL 
scenarios; 
then 
the 
position 
error 
of 
the 
BL 
structure 
in 
the 
background 
state 
is 
discussed 
and 
its 
consequences 
in 
the 
results 
of 
the 
traditional 
data 
assimilation 
method 
are 
studied; 
a 
new 
scheme 
is 
then introduced 
which 
is designed to treat 
the 
BL 
positional 
error 
explicitly; 
and 
our 
conclusions 
are 
presented 
in the nal section.
Measuring the background errors for the 
boundary layer
Errors 
associated 
with 
the 
background 
may 
be 
decomposed 
into 
magnitude 
and 
positional 
errors 
in 
a 
similar 
way 
to 
that 
suggested 
by 
Hoffman 
et 
al. 
(1995). 
Magnitude 
errors 
de
-
scribe 
the 
small-scale 
error 
in 
a 
eld 
described 
on 
the 
model 
levels, 
whereas 
a 
positional 
error 
describes 
the 
large-scale 
error 
in 
the 
position 
of 
a 
coherent 
structure 
such 
as 
the 
cap
-
ping 
inversion. 
In 
conventional 
V
ar 
schemes 
only 
magnitude 
errors are considered.
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The 
background 
errors 
associated 
with 
the 
BL 
are 
highly 
ow-dependent 
due 
to 
the 
large 
variability 
in 
the 
presence, 
height 
and 
structure 
of 
the 
BL 
capping 
inversion. 
When 
a 
strong 
inversion 
is 
present, 
air 
within 
the 
BL 
is 
prevented 
from 
mixing 
with 
the 
air 
in 
the 
rest 
of 
the 
troposphere 
and 
so 
it 
is 
expected 
that 
errors 
between 
these 
two 
regions 
should 
be 
decoupled. 
Climatological 
estimates 
of 
B
 
such 
as 
using 
the 
method 
developed 
by 
the 
National 
Meteorological 
Cen
-
ter 
(now 
called 
the 
National 
Centers 
of 
Environmental 
Pre
-
diction) 
(Parrish 
and 
Derber 
1992) 
cannot 
capture 
the 
ow-
dependence 
of 
the 
errors 
due 
to 
extensive 
averaging 
over 
both 
space 
and 
time. 
Meaningful 
statistical 
estimates 
of 
B
 
for 
magnitude 
errors, 
which 
are 
ow-dependent, 
can 
be 
ob
-
tained 
by 
looking 
at 
the 
spread 
in 
an 
ensemble 
of 
forecasts 
which 
are 
often 
assumed 
to 
have 
the 
same 
spread 
as 
that 
of 
the 
actual 
forecast 
error 
probability 
density 
function 
(PDF) 
(Houtekamer et al. 1996; Evensen 1994),
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The 
angled 
brackets 
represent 
averaging 
over 
all 
ensemble 
members. 
For 
the 
purpose 
of 
Eqn 
3 
it 
is 
assumed 
that 
the 
average 
of 
the 
members, 
<
x
b
>, 
represents 
the 
truth. 
The 
cor
-
relation 
matrix, 
C
, 
can 
be 
found 
by 
normalising 
with 
the 
di
-
agonal matrix of standard deviations, 
 Y
, i.e., 
C
 = 
 Y
-1
 
B
 
 Y
-1
.
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This 
method 
allows 
us 
to 
look 
at 
the 
structure 
of 
B
 
(or 
C
) 
for 
individual 
temperature 
proles. 
Example 
background 
correlation 
matrices 
for 
temperature 
are 
shown 
in 
Fig. 
1 
for 
four 
cases. 
Case 
A 
is 
for 
a 
strong 
inversion, 
Case 
B 
is 
for 
a 
weak 
inversion, 
Case 
C 
is 
for 
no 
inversion 
and 
Case 
D 
is 
for 
another 
strong 
inversion 
whose 
vertical 
position, 
unlike 
in 
Case 
A, 
varies 
signicantly 
between 
members. 
These 
have 
been 
calculated 
using 
the 
Met 
Ofce
s 
Global 
and 
Regional 
Ensemble 
Prediction 
System 
(MOGREPS) 
which 
produces 
24-member 
ensembles 
of 
Unied 
Model 
(UM) 
forecasts 
(Bowler 
et 
al. 
2008). 
The 
results 
shown 
use 
six-hour 
fore
-
casts 
valid 
for 
midday 
(1200 
UTC) 
at 
chosen 
points 
over 
the 
North 
Atlantic 
and 
Europe 
(NAE) 
domain. 
The 
differences 
between 
the 
structures 
of 
the 
four 
background 
error 
cor
-
relation 
matrices 
are 
evident. 
In 
Case 
A 
a 
strong 
inversion 
separates 
the 
BL 
from 
the 
free 
atmosphere 
(F
A) 
at 
a 
height 
of 
just 
over 
1 
km, 
and 
the 
background 
errors 
for 
temperature 
are 
only 
weakly 
correlated 
between 
these 
regions. 
In 
Case 
B 
a 
weak 
inversion 
has 
formed 
at 
the 
top 
of 
a 
well-mixed 
BL 
at 
around 
1.3 
km 
(seen 
by 
the 
strong 
correlations 
within 
the 
BL) 
but 
the 
inversion 
is 
not 
strong 
enough 
to 
cause 
the 
errors 
to 
completely 
decorrelate 
between 
the 
BL 
and 
F
A 
air 
as 
some 
mixing 
is 
still 
able 
to 
occur
. 
 
In 
Case 
C 
there 
is 
no 
inversion 
and 
the 
atmosphere 
is 
mixed 
up 
to 
approximately 
5 
km 
and 
so 
the 
errors 
in 
the 
background 
temperature 
are 
strongly 
correlated. 
In 
Case 
D, 
even 
though 
the 
inversion 
is 
strong 
(at 
approximately 
0.5 
km), 
the 
correlations 
resemble 
Case 
B 
for 
a 
weak 
inversion 
because 
the 
position 
of 
the 
in
-
version 
changes 
between 
members. 
In 
each 
example 
we 
see 
an 
increase 
in 
the 
ensemble 
spread 
at 
the 
location 
of 
the 
in
-
version, 
representing 
the 
forecast 
uncertainty 
in 
this 
feature. 
It 
is 
clear 
then 
that 
there 
is 
no 
single 
correlation 
matrix 
that 
could 
give 
an 
adequate 
description 
of 
the 
background 
error 
correlations in all situations. 
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As 
well 
as 
not 
representing 
the 
full 
distribution 
of 
mag
-
nitude 
errors 
it 
is 
also 
unlikely 
that 
the 
ensembles 
capture 
the 
full 
spread 
of 
possible 
positional 
errors 
of 
sharp 
features 
in 
the 
background. 
Errors 
in 
the 
position 
of 
sharp 
features, 
such 
as 
the 
inversion, 
are 
a 
particular 
problem 
that 
is 
dis
-
cussed in the next section.
